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SUPERCONDUCTING MAGNET APPARATUS
AND MAGNETIC RESONANCE IMAGING
SYSTEM USING THE SAME

TECHNICAL FIELD

The present invention relates to a superconducting magnet
apparatus that 1s suitable for use 1n a magnetic resonance
imaging system (hereunder referred to as “MRI system™).
More particularly, the present invention relates to a super-
conducting magnet apparatus having a large opening to
thereby prevent a subject from feeling claustrophobic, to
thereby allow an operator to have easy access to a subject,
to thereby reduce magnetic field leakage and to thereby cut
down the manufacturing cost, and also relates to an MRI
system using such a superconducting magnet apparatus.

BACKGROUND ART

FIG. 11 1illustrates an example of a conventional super-
conducting magnet apparatus for use 1n MRI system. This
example 1s a superconducting magnet apparatus of the
horizontal magnetic field type. This superconducting magnet
apparatus 1s composed of small-diameter main coils 13, 14,
15,16, 17 and 18 and large-diameter shield coils 19 and 20
and 1s adapted to produce a horizontal (namely, Z-axis
direction) magnetic field. In this example, the main coils 13
to 18 are placed to produce a magnetic field along the center
axis 22 of a magnet, while the shield coils 19 and 20 are
placed to shield magnetic field leakage to the surroundings
thereof. With such a configuration of the magnet, a uniform
magnetic field region 21 of magnetic homogeneity of about
10 ppm or less 1s formed 1n a magnetic field space. Magnetic
resonance 1maging 1s performed in this uniform magnetic

field 21.

These coils are made by using superconducting wires, and
thus are required to be cooled to a predetermined tempera-
ture (for example, liquid-helium temperature (namely, 4.2
K) 1n the case of alloy superconductors; and liquid-nitrogen
temperature (namely, 77 K) in the case of oxide
superconductors). The coils are, therefore, held in a cooling
vessel consisting of a vacuum enclosure, a thermal shield
and a coolant container (which contains liquid helium or the
like). In the case of the example of FIG. 11, the main coils
13 to 18 and the shield coils 19 and 20 are placed m the
coolant container 11 containing coolant 12, such as liquid
helium, for superconductivity, and are supported by means
of supporting elements (not shown). Further, the coolant
container 11 1s held 1n the vacuum enclosure 10.

Moreover, to keep each of the coils at a low temperature,
the thermal shield 1s maintained at a constant temperature by
using a refrigerator (not shown), or the evaporation of
coolant 12 for superconductivity 1s reduced. Recently, the
performance of refrigerators has been increased, so that the
superconductor coils are sometimes, cooled directly by the
refrigerator without using the coolant 12 for superconduc-
fivity.

However, in the case of the superconducting magnet
apparatus 1llustrated m FIG. 11, an opening, in which a
subject 1s accommodated and 1mages of the subject are
taken, 1s narrow and moreover, a measuring space 1S
surrounded, so that subjects sometimes feel claustrophobic.
Thus, occasionally, subjects refuse to enter the opening of
the apparatus for examination. Furthermore, 1t 1s difficult for
an operator to get access to a subject from the outside of the
superconducting magnet apparatus.

FIG. 12 1llustrates a second example of a conventional
superconducting magnet apparatus for use in MRI system.
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This example 1s a superconducting magnet apparatus of the
vertical magnetic field type. FIG. 12(a) is a schematic
external view of this apparatus. FIG. 12(b) is a sectional
view taken in the direction of an arrow A of FIG. 12(a). This

example of the conventional superconducting magnet appa-
ratus 1S disclosed 1n the U.S. Pat. No. 5,194,810. In this
magnet, a magnetic field 1s produced by two sets of super-
conducting coils 23 and 23, which are placed vertically 1n a
line 1n such a manner as to face each other. Further, iron
shimming means 24 are provided inside each of the afore-
said superconducting coils 23 and 23 so as to obtain favor-
able magnetic homogeneity. Thereby, this magnet enhances
the magnetic homogeneity of the uniform magnetic field
region 21. Moreover, this magnet has a structure 1n which
iron plates 25, 25 and 1ron yokes 26, 26, . . . also serving as
return paths for magnetic fields generated by the upper and
lower superconducting coils 23 and 23, are placed, each of
the aforementioned iron plates 25 supporting the corre-
sponding superconducting coil 23 and the corresponding
shimming means 24 and the 1ron yokes 26 intervening
between the 1ron plates 25, 25 to mechanically support the
iron plates 25, 25.

In the case of this example of the conventional supercon-
ducting magnet apparatus, the uniform magnetic-field region
21 1s opened 1n all directions, a subject can avoid feeling
claustrophobic. Moreover, an operator can easily get access
to the subject. Further, magnetic field leakage can be
reduced because of the fact that the return path of a magnetic
flux 1s composed of the aforementioned 1ron plates 25, 25
and the aforementioned iron yokes 26, 26, . . .

However, 1n the case of the superconducting magnet
apparatus 1illustrated 1n FIG. 12, there are caused the prob-
lems that the 1ron plates 25 and the 1ron yokes 26 are used
as above described, so that the entire magnet becomes heavy
and that thus, when installing the superconducting magnet
apparatus, an installation floor needs to be reinforced.
Further, because the saturation magnetic flux density of 1ron
1s approximately 2 Tesla or so, there i1s a restraint on the
magnet 1n that the magnetic field strength cannot be
increased to a high value. Furthermore, there are possibili-
ties that a magnetic field generated by a gradient magnetic
field coil affects the magnetic field distribution due to the
hysteresis characteristics of 1rron with respect to the magnetic
field. This may hinder high-precision signal measurement

Inventors of the present invention filed another Japanese
patent application (title of the invention: a superconducting
magnet apparatus, applicant: Hitachi Medical Corporation,
and application No.: 336023/1995), in which an invention
(hereunder referred to as a “third example of the conven-
tional superconducting magnet apparatus™) is presented as
having solved the problems of the aforementioned two
examples of the conventional apparatus) on Nov. 30, 1995.
Apparatus according to this invention is of the open vertical-
magnetic-field type. The configuration of this apparatus 1is
schematically illustrated in FIG. 13. FIG. 13(a) is a sectional
view of this apparatus. FIG. 13(b) is an external view
thereof. As shown in FIG. 13(a), two sets of superconduct-
ing coils, which are accommodated 1 vacuum enclosures
10A and 10B and coolant containers 11A and 11B, are
spaced apart from each other by a predetermined distance in
such a manner as to be coaxial with the center axis 22 of the
magnet. Further, a uniform magnetic field region 21 1is
oenerated at the halfway position between the sets of the
colls. The aforementioned superconducting coils are com-
posed of: coils 31A and 31B (hereunder referred to as “main
coils™) for generating a primary magnetic field in a uniform
magnetic region 21; coils 32A and 32B (hereunder referred
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to as “bucking coils”) for canceling out an external magnetic
field by generating a magnetic field, which is in opposite
direction to the magnetic field produced by the main coils;
and coils 33A, 34A, 35A, 33B, 34B and 35B (hereunder
referred to as “regulating coils™) for correcting the magnetic
homogeneity of the uniform magnetic field region 21. The
vacuum enclosures 10A and 10B are intervened and sup-
ported by supporting posts 36, 36. Characteristic aspect of
this invention resides 1n that the magnetic leakage 1s reduced
by canceling out the external magnetic field, which 1s
produced by the main coils 31A and 31B, by the bucking,
colls 32A and 32B. In this case, 1ron 1s not used for reducing
the leakage magnetic field. Consequently, there 1s not caused
such a problem as in the second example of the conventional
magnetic superconducting magnet apparatus.

However, 1 the case of this third example of the con-
ventional superconducting magnet apparatus, the magnetic
strength of the uniform magnetic field region 21 1s also
reduced because of the use of the bucking coils 32A and
32B. As a result, when increasing the magnetic strength of
the uniform magnetic field region 21, magnetomotive forces
required to the main coils 31A and 31B and the bucking coils
32A and 32B become huge. This results in rise of the
manufacturing cost of the magnet apparatus. Further, the
clectromagnetic force applied to each of the superconduct-
ing coils 1ncreases according to the magnetomotive force.
Therefore, strict structural conditions are 1mposed.
Incidentally, generally, the shorter the distance between each
of the bucking coils 32A and 32B and the corresponding one
of the main coils 31A and 31B becomes, the more the
magnetic fields generated by both of the bucking coil and the
corresponding one of the main coils 1s canceled out.
Consequently, the aforementioned problem becomes more
SEr10us.

In contrast, when 1ncreasing the distance between both of
the bucking coil and the corresponding main coil, the size of
cach of the coolant containers 11A and 11B for containing
these coils becomes large. This also causes a rise i1n the
manufacturing cost of the apparatus. Further, the position of
the uniform magnetic field region 21, into which a subject 1s
inserted, from the floor face becomes high. This presents a
problem 1n the safety of a subject.

As above described, 1n the case of conventional super-
conducting magnet apparatuses, 1t 1s difficult to enlarge
openings, 1into each of which a subject 1s 1nserted, so as to
prevent the subject from feeling claustrophobic, and to
reduce magnetic field leakage, and to obtain a large high-
magnetic-strength uniform magnetic field region. Moreover,
it 1s also ditficult to reduce the manufacturing costs to low
values.

It 1s, accordingly, an object of the present invention to
provide a superconducting magnet apparatus which deals
with such problems of the conventional superconducting
magnet apparatuses, and which enlarges openings for
accommodating a subject to the extent that the subject does
not feel claustrophobic and which has low magnetic field
leakage, and which can realize a large high-magnetic-field-
strength uniform magnetic field region and which reduces
the manufacturing cost thereof to a low value, and to provide
a magnetic resonance 1maging system using this semicon-
ducting magnet apparatus.

DISCLOSURE OF INVENTION

To achieve the foregoing object, 1n accordance with the
present invention, there 1s provided a superconducting mag-
net apparatus that comprises: a magnetic field generating
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sources, cach of which 1s made of substances having super-
conducting properties and 1s operative to feed electric cur-
rent for generating a uniform magnetic field 1n a first
direction, 1n a finite region; cooling means for cooling the
atoresaid magnetic field generating sources to a temperature,
at which the substances exhibit the superconducting
properties, and for maintaining the aforesaid magnetic field
generating source at the temperature; and supporting means

for supporting the aforesaid magnetic field generating
sources. Further, each of the aforementioned magnetic field

generating sources consisting of two sets of magnetic field
ogenerating devices that are placed equidistantly 1n such a
way as to face each other across the atorementioned uniform
magnetic field region along the first direction and are
adapted to feed electric current 1n a second direction which
1s along the circumference of a circle whose center axis
extends 1n the aforesaid first direction. Moreover, each of the
sets of magnetic field generating devices 1s composed of:
onc or more lirst magnetic field generating devices for
feeding electric current which flows in the second direction
S0 as to generate a main component of the aforesaid uniform
magnetic field; and one or more second magnetic field
generating devices for feeding electric current in a direction
which 1s the same as or 1s opposite to the aforesaid second
direction, so as to improve magnetic homogeneity of the
atoresaid uniform magnetic field. Furthermore, the diameter
of each of the aforesaid second magnetic field generating
devices 1s smaller than the outside diameter of each of the
first magnetic field generating devices. An amount of elec-
tric current flowing in the aforesaid second magnetic field
generating devices 1s less than an amount of electric current
flowing 1n the aforesaid first magnetic ficld generating
devices. The aforesaid cooling means 1s composed of: two
sets of nearly cylindrical cooling vessels for accommodating
the aforementioned sets of magnetic field generating
devices; and a supporting structure iterposed between the
atoresaid cooling vessels. Further, first ferromagnetic sub-
stances are placed 1n such a manner as to surround each of
the aforesaid sets of magnetic field generating devices.
Moreover, one or more second ferromagnetic substances are
placed 1n a space across which the aforesaid first ferromag-
netic substances face each other.

Thus, there can be realized an apparatus which has a large
opening, so that a subject 1s prevented from feeling
claustrophobic, and that an operator easily gets access to the
subject. Moreover, magnetic field leakage therefrom to the
outside of the apparatus can be reduced by surrounding each
of the aforementioned magnetic field generating devices
with the ferromagnetic substances. Furthermore, no bucking
colls are used ditferently from the conventional apparatus.
Consequently, the manufacturing cost thereof can be cut
down.

Further, 1in the superconducting magnet apparatus of the
present 1nvention, the aforementioned first ferromagnetic
substances may consist of: disk-like ferromagnetic elements
placed at positions apart from the aforementioned magnetic
field generating sources when setting the aforementioned
uniform magnetic field region as a reference place; and
cylindrical ferromagnetic elements placed on the outer
peripheries of the aforesaid magnetic field generating
sources. The aforesaid second ferromagnetic substances
may be constituted by one or more column-like ferromag-
netic elements. Further, both end portions of each of the
atoresaid column-like ferromagnetic elements may be
placed 1n such a way as to be close to one end of each of the
aforesaid cylindrical ferromagnetic elements.

Further, in the superconducting magnet apparatus of the
present invention, the aforesaid cooling means may include




3,936,498

S

a cooling vessel which contains the aforesaid magnetic field
generating sources therein. Further, at least a part of the
aforesaid first ferromagnetic substances may be placed in the
aforesaid cooling vessel.

Moreover, 1n the superconducting magnet apparatus of the
present invention, a part of said first ferromagnetic sub-
stances may be placed on the exterior of said cooling vessel.

Furthermore, 1 the superconducting magnet apparatus of
the present 1nvention, a part of the aforesaid first ferromag-
netic substances, which 1s placed on the exterior of said
cooling vessel, may be the aforesaid cylindrical ferromag-
netic elements.

Additionally, 1in the superconducting magnet apparatus of
the present invention, the aforesaid first ferromagnetic sub-
stances also may serve as at least a part of composing
clements of the aforesaid cooling vessel.

Further, 1n the superconducting magnet apparatus of the
present 1nvention, the aforesaid second ferromagnetic sub-
stances also may serve as at least a part of composing
clements of the aforementioned supporting structure.

Moreover, in the superconducting magnet apparatus of the
present mvention, a plurality of the aforesaid second ferro-
magnetic substances may be placed. Furthermore, a length
of a cylindrical portion of each of said cylinder ferromag-
netic elements of said first ferromagnetic substances may not

[

be uniform, therefore, the length of the cylindrical portion of
cach of the aforesaid cylindrical ferromagnetic elements of
the aforesaid first ferromagnetic substances within a part, 1n
which the aforesaid second ferromagnetic substances are
present, may be longer than the length of the cylindrical
portion of each of the aforesaid cylindrical ferromagnetic
clements of the aforementioned first ferromagnetic sub-
stances within a part, in which the aforementioned second

ferromagnetic substances are not present.

Furthermore, 1n the superconducting magnet apparatus of
the present invention, two sets of the aforesaid second
ferromagnetic substances may be placed at positions that are
nearly equidistantly away from the aforesaid uniform mag-
netic field region 1n a third direction which 1s orthogonal to
the aforesaid first direction. Further, the length in the third
direction of each of the aforesaid first ferromagnetic sub-
stances may be longer than the length thereof 1n a direction
orthogonal to both of the aforesaid first and third directions.

Further, 1n the superconducting magnet apparatus accord-
ing of the present invention, the aforesaid magnetic field
generating sources may be placed so as to correct a magnetic
field generated m said uniform magnetic field region by
combining the aforesaid first ferromagnetic substances with
the aforementioned second ferromagnetic substances, so that
desired magnetic field strength and homogeneity are
obtained 1n said uniform magnetic field region.

Furthermore, 1n the superconducting magnet apparatus of
the present invention, the aforesaid magnetic field generat-
ing devices may include third magnetic field generating
devices for feeding electric current in a direction 1n which a
magnetic flux density within the aforesaid first ferromag-
netic substance 1s reduced.

Additionally, 1in the superconducting magnet apparatus of
the present mvention, the magnetomotive force of each of
the aforesaid third magnetic field generating devices may be
selected so that the weight of the aforementioned first
ferromagnetic substances becomes almost minimum.

Further, a magnetic resonance i1maging system of the
present 1nvention comprises: a magnetostatic field generat-
ing means for giving a magnetostatic field to a subject; a
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cradient magneftic field generating means for giving a gra-
dient magnetic field to the subject; a transmitting system for
irradiating the subject with high-frequency signals so as to
cause nuclear magnetic resonance 1n atomic nuclel of atoms
composing tissues of the subject; a receiving system for
detecting high-frequency signals 1ssued due to the nuclear
magnetic resonance; and a signal processing system for
performing an 1mage reconstruction operation by using the
high-frequency signals detected by the aforesaid receiving
system and for displaying an image. Furthermore, the afore-
mentioned superconducting magnet apparatus recited 1n one
of the foregoing items 1s used as the aforesaid magnetostatic
field generating means.

Thereby, a magnetic resonance 1maging system having a
magnetic field generating means, in which a large opening 1s
provided so that a subject does not feel claustrophobic and
that an operator can easily get access to the subject, and 1n
which each of the sets of the magnetic field generating
devices 1s surrounded by the ferromagnetic substances so
that magnetic field leakage to the outside of the apparatus is
reduced and that the manufacturing cost i1s able to be cut
down, can be realized.

BRIEF DESCRIPTION OF DRAWINGS

FIGS. 1(a)—(c) are diagrams illustrating a first embodi-
ment of a superconducting magnet apparatus according to
the present invention;

FIGS. 2(a)—(b) show respectively an external view and a
longitudinal sectional view taken on a center line of a second
embodiment of the superconducting magnet apparatus
according to the present invention;

FIGS. 3(a)—(b) show respectively an external view and a
longitudinal sectional view taken on the center line of a third
embodiment of the superconducting magnet apparatus
according to the present 1nvention;

FIG. 4 1s a partial external view of a fourth embodiment
of the superconducting magnet apparatus according to the
present 1nvention;

FIG. 5 1s a longitudinal sectional view taken on a center
line of a fifth embodiment of the superconducting magnet
apparatus according to the present mnvention;

FIG. 6 1s a longitudinal sectional view taken on a center
line of a sixth embodiment of the superconducting magnet
apparatus according to the present invention;

FIGS. 7(a)—(b) are diagrams for explaining examples of
the distribution of magnetic flux densities 1in a ferromagnetic
substance 1n the case where no bucking coils are provided in
the apparatus, and in the case where bucking coils are
provided therein;

FIG. 8 1s a graph illustrating the relation between the
magnetomotive force of a bucking coil and the weight of a
ferromagnetic substance;

FIG. 9 15 a longitudinal sectional view taken on a center
line of a seventh embodiment of the superconducting mag-
net apparatus according to the present invention;

FIG. 10 15 a block diagram illustrating the configuration
of the entire MRI system of the present invention;

FIG. 11 1s a diagram for illustrating the first example of
a conventional superconducting magnet apparatus for use in
MRI system;

FIGS. 12(a)—(b) show respectively an external view and
a sectional view thereof taken in the direction of an arrow A
of the second example of a conventional superconducting
magnet apparatus for use 1n MRI system; and

FIGS. 13(a)—(b) shows a sectional view and an external
view of the third example of the conventional superconduct-
ing magnet apparatus for use 1n MRI system.
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BEST MODE FOR CARRYING OUT THE
INVENTION

Hereinafter, embodiments of the present invention will be
described 1n detail with reference to the accompanying
drawings.

FIG. 1 illustrates a first embodiment of a superconducting,
magnet apparatus according to the present invention. FIG.
1(a) is an external view of the configuration of the entire
apparatus. FIG. 1 (b) 1s a longitudinal sectional view taken
on a center line of the apparatus. FIG. 1(¢) 1s a partial
external view of the apparatus. First basic composing ele-
ments of the superconducting magnet apparatus are super-
conducting coils 40A, 41A, 42A; 40B, 41B, 42B. Further,
other basic composing elements are coolant containers 11A
and 11B for cooling these superconducting coils 40A to 42B
fo a temperature, at which predetermined superconducting
properties are obtained, and for keeping these superconduct-
ing coils at this temperature. Moreover, other basic com-
posing elements are ferromagnetic substances 43, 44 and 45
according to the present invention to be placed around the
aforementioned superconducting coils 40A to 42B.
Incidentally, although omitted 1n FIG. 1 for simplicity of
drawing, structural elements for supporting the aforemen-
tioned superconducting coils 40A to 42B are provided 1n the
apparatus.

As the materials of the aforementioned superconducting
colls 40A to 42B, alloy superconductor wires, such as
Nb—T11 wires, and oxide superconductor wires are used.
Hereunder, there will be described the case where Nb—T11
wires, which are usually frequently used as the material of
superconducting coils, are employed. Further, liquid helium
1s employed as the coolant 12 for superconductivity, which
1s used for cooling the superconducting coils 40A to 42B
made out of Nb—T1 wires. Moreover, the coolant containers
11A and 11B for accommodating the liquid helium are held
within the vacuum enclosures 10A and 10B. In addition to
these, thermal shields (not shown) for preventing an occur-
rence of thermal radiation are placed 1n these vacuum
enclosures 10A and 10B. The aforementioned superconduct-
ing coils 40A to 42B are used under conditions of being
enclosed 1n these vacuum enclosures 10A and 10B, respec-
tively. Incidentally, when using superconductors (Nb;Sn and
oxide superconductors), which can be used at high
temperatures, are adopted as the materials of the supercon-
ducting coil wires, the direct cooling by means of a refrig-
crator or the cooling by the use of liquid nitrogen can be
achieved as stated 1n the description of the first example of
the conventional apparatus.

The aforementioned superconducting coils 40A to 42A
and 40B to 42B are placed across a uniform magnetic region
21, which 1s formed nearly in the central portion of the
apparatus, vertically in such a way as to be coaxial and
symmetrical with the center axis 22. In accordance with this,
the cylindrical vacuum enclosures 10A and 10B, which
respectively contain a set of the superconducting coils 40A
to 42A and another set of the superconducting coils 40B to
42B, are placed across the aforementioned uniform mag-
netic field region 21 1in such a manner as to be coaxial with
the center axis 22 of the magnet and as to face each other
vertically and as to be symmetrical with the center of the
apparatus. Both of the vacuum enclosures 10A and 10B are
supported by supporting posts 36, which are interposed
therebetween, 1n such a manner as to be a predetermined
distance apart from each other. These supporting posts 36
may have the function of thermally connecting upper and
lower coolant containers 11A and 11B with each other
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according to circumstances, 1n addition to the function of
mechanically supporting the upper and lower coolant con-
tainers 11A and 11B. With such a configuration, the neces-
sity of providing a refrigerator or the like at each of the upper
and lower coolant containers i1s eliminated. Consequently, a
single refrigerator suffices for the entire apparatus.
Moreover, the number of the supporting posts 26 1s not
always limited to two as 1llustrated 1n the figure but may be
three or four. Alternatively, a single supporting post of the
cantilever type may be employed so that a subject feels free
and relaxed.

In FIG. 1(b), the superconducting coils are illustrated as
an upper set of three superconducting coils 40A, 41 A and
42A and a lower set of three superconducting coils 40B, 41B
and 42B. The function of these superconducting coils 1s to
generate a strong magnetostatic field, which has good mag-
netic homogeneity, in the uniform magnetic field region 21.
The superconducting coils 40A and 40B (hereunder referred
to as “main coils™), which have the largest diameter, are used
for generating a magnetic field, whose magnetic field
strength 1s high and 1s equal to or greater than a predeter-
mined level, m the unmiform magnetic field region 21. In
contrast, the superconducting coils 41A, 41B; 42A, 42B
(hereunder referred to as “regulating coils™), which have the
small diameter, are used for regulating the magnetic homo-
ogenelty of the magnetostatic field generated 1n the uniform
magnetic field region 21 by the aforementioned main coils
40A and 40B. Thus, the magnetic homogeneity 1s improved
by regulating the placement and the magnetomotive force of
cach of the coils 41A, 41B; 42A, 42B. Further, the direction
of electric current flowing through the aforementioned regu-
lating coil has only to be determined corresponding to each
of the coils 41A, 41B; 42A 42B according to an 1nhomo-
geneous component of the magnetic field generated by the
main coils 40A and 40B. There 1s no need for limiting the
direction of such electric current only to a specific fixed
direction. The direction of such electric current may be
sclected suitably as the same or opposite direction as of
electric current passing through the main coil. Moreover, the
number of the aforementioned superconducting coils of each
of the upper and lower sets 1s not limited to three but may
be two or less, alternatively, may be four. Namely, the most
appropriate number of the aforementioned superconducting,
colls of each of the upper and lower sets has only to be
determined according to a balance between the inhomoge-
ncous component of the magnetic field and the manufactur-
ing cost of the apparatus. Generally, as the diameter of the
main coil 1s increased, the inhomogeneous component of the
magnetic field 1s decreased. Thus, the number of and the

magnetomotive force of the regulating coils 41 A, 41B; 42A,
42B can be decreased.

This embodiment has a structure, 1n which magnetic field
leakage generated by the aforementioned superconducting
colls outside the apparatus 1s effectively reduced by ferro-
magnetic substances 43, 44 and 45. As 1llustrated 1n FIG.
1(b), the upper and lower vacuum enclosures 10A and 10B
are surrounded by the ferromagnetic substances 43 and 44,
respectively, and 1n which the upper and lower ferromag-
netic substances 44, 44 are magnetically connected with
cach other by column-like ferromagnetic substances 45. The
aforementioned ferromagnetic substance 43, 43 are shaped
like a disk and are placed above the vacuum enclosure 10A
and under the other vacuum enclosure 10B, respectively.
Further, the ferromagnetic substances 44 are cylindrical and
are placed 1n such a manner as to surround the aforemen-
tioned vacuum enclosures 10A and 10B, respectively. Each
of the ferromagnetic substances 43 1s magnetically con-
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nected to a corresponding one of the ferromagnetic sub-
stances 44. Any material exhibiting ferromagnetism may be
used as the ferromagnetic material used 1n this embodiment.
In view of the ferromagnetic properties, the cost and the
mechanical strength of materials, generally, iron 1s prefer-
able. FIG. 1(c¢) is an external view of the ferromagnetic
substances 43, 44 and 45 (only of a lower part of the
apparatus) for reference purpose by extracting these ferro-
magnetic substances therefrom.

Magnetic paths are formed 1n the aforesaid ferromagnetic
substances 43, 44 and 45 by surrounding the superconduct-
ing coills by the ferromagnetic substances as above
described. Thus, the leakage magnetic field can be restrained
from spreading to and reaching a distant place from the
apparatus. Moreover, 1n the case of this structure, desired
magnetic homogeneity 1s attained by optimizing the mag-
netomotive force and placement of the superconducting
colls without using such a magnetic field homogenizing
means as used 1n the second example of the conventional
apparatus (see FIG. 12). As a result, this embodiment has an
advantage 1n preventing an occurrence of a problem that a
pulse magnetic field generated by the gradient magnetic field
colls affects the magnetic-field distribution 1n the magnetic
field. Therefore, a stable magnetic-field distribution can be
obtained. Consequently, a high-precision signal measure-
ment can be performed. Moreover, the ferromagnetic sub-
stances are not disposed at places close to the superconduct-
ing coils, differently from the magnetic field homogenizing
means. Thus, the magnetic saturation of the ferromagnetic
substances hardly occurs. Moreover, such placement of the
ferromagnetic substances facilitates obtaining high magnetic
field strength.

Further, this embodiment does not use bucking coils as
provided 1n the third example of the conventional apparatus.
Thus, the magnetomotive force required to obtain a desired
magnetic field strength 1s reduced nearly to a half to one-
third of that required 1n the third example of the conven-
tional apparatus. Thus, the length of the superconducting
wires used for the superconducting coils decreases.
Consequently, this embodiment has considerable merits 1n
reducing the cost of materials, the processing cost, the
assembling cost of the apparatus.

Incidentally, the column-like ferromagnetic substances 45
of a given number may be used, i1f necessary. However,
generally, by setting the number of the column-like ferro-
magnetic substances 45 as being equal to that of the sup-
porting posts 36, this embodiment has an advantage in
permitting a subject to feel that the space, in which the
subject 1s accommodated, 1s large.

Furthermore, as illustrated in FIG. 1(b), the disk-like
ferromagnetic substances 43 are placed 1n the upper and
lower parts of the entire apparatus. However, the ferromag-
netic substances 43 provided in the lower part of the
apparatus can be omitted 1n the case that there 1s no harm 1n
causing a leakage magnetic field 1n a lower portion of a
room, 1n which the apparatus 1s installed. In this case, the
welght of the apparatus can be decreased. Incidentally, the
placement of the ferromagnetic substances of the upper and
lower sets becomes asymmetrical. Thus, it 1s necessary to
change the placement of the superconducting coils in such a
manner as to correspond to the asymmetrical placement of
the ferromagnetic substances.

Moreover, FIG. 1(b) shows the cylindrical ferromagnetic
substances 44, whose lengths 1n the direction of the center
axis 22 are uniform. However, the length of the ferromag-
netic substance 44 1s not necessarily uniform along the
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circumference thereof. Thus, the ferromagnetic substance 44
may be adapted so that a part thereof, 1n which the support-
ing posts 36 and the column-like ferromagnetic substances
45 are present, are long, while the remaining part thereof are
short. As a result, the part, in which neither the supporting
posts 36 nor the column-like ferromagnetic substances 45
are present, 1s long, namely, the distance between the upper
and lower cylindrical ferromagnetic substances 44 and 44 1n
the direction, in which a subject 1s inserted, becomes large,

so that the feeling of freedom of the subject 1s enhanced.

FIG. 2 shows a second embodiment of the superconduct-
Ing magnet apparatus according to the present invention.
FIG. 2(a) 1s an external view of the configuration of the
entire apparatus. FIG. 2(b) is a longitudinal sectional view
taken on the center line of this apparatus. This embodiment
aims at reducing the size of the apparatus by enclosing all of

the ferromagnetic substances 43, 44 and 45 1n the vacuum
enclosures 10A and 10B. As shown in FIG. 2(b), the

superconducting coils 40A, 41A, 42A and 40B, 41B, 42B
are accommodated 1n the vacuum enclosures 10A and 10B
and are placed across the uniform magnetic field region 21
in such a way as to face each other vertically, similarly as in
the case of the first embodiment of the present invention. In
addition, the disk-like ferromagnetic substances 43 and the
cylindrical ferromagnetic substances 44 are accommodated
in the vacuum enclosures 10A and 10B and are placed 1n
such a manner as to surround the superconducting coils 40A
to 42A and 40B to 42B. Moreover, the column-like ferro-
magnetic substances 45 are also enclosed 1n the supporting
posts 36 also acting as the vacuum enclosures.

With the aforementioned configuration, the diameters of
the ferromagnetic substances 43 and 44 can be reduced.
Thus, the second embodiment has an advantageous effect in
reduction 1n the weight of the apparatus, 1n addition to the
reduction 1n the size thereof. Further, generally, the magnetic
permeability of a ferromagnetic substance changes with
temperature. Thus, 1n the case that this change in tempera-
ture 1s large, this change 1n temperature atfects the magnetic-
field-strength distribution in the uniform magnetic field
region 21. However, by enclosing the ferromagnetic sub-
stances 43, 44 and 45 1n the vacuum enclosures 10A and 10B
as 1n the second embodiment, these ferromagnetic sub-
stances are made to become resistant to the influence of a
change 1n room temperature. Consequently, the second
embodiment has the advantageous effect in enhancing the
stability of the magnetic field.

FIG. 3 shows a third embodiment of the superconducting,
magnet apparatus according to the present invention. FIG.
3(a) is an external view of the configuration of the entire
apparatus. FIG. 3(b) is a longitudinal sectional view taken
on the center line of this apparatus. In this embodiment, a
part of the ferromagnetic substance 1s placed on the exterior
of each of the vacuum enclosures 10A and 10B, differently
from the aforementioned second embodiment. As 1llustrated
in FIG. 3(b), the cylindrical ferromagnetic substances are
divided into ferromagnetic substances 46 A and 46 B which
have small outside diameters, and ferromagnetic substances
47A and 47B which have large outside diameters. The
small-outside-diameter ferromagnetic substances 46 A and
46B arc accommodated 1n the vacuum enclosures 10A and
10B. The large-outside-diameter ferromagnetic substances
47A and 47B are placed on the outer peripheries of the
vacuum enclosures 10A and 10B.

In the usual case, the magnetic flux density in the cylin-
drical ferromagnetic substance placed in the vicinity of the
main coils 40A and 40B, which have the largest magneto-
motive force, becomes highest. Thus, magnetic flux satura-
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tfion 1s most likely to occur in this vicinity of the main coils.
It 1s, therefore, necessary to increase the thickness of this
part of the ferromagnetic substance. However, when increas-
ing the thicknesses of the ferromagnetic substances, the
sizes of the vacuum enclosures 10A and 10B should be
increased to a large value. This leads to a rise in the cost of
the apparatus. An occurrence of magnetic flux saturation can
be substantially prevented without increasing the sizes of the
vacuum enclosures 10A and 10B by dividing the cylindrical
ferromagnetic substances into such substances of a large
outside diameter and the other substances of a small outside
diameter and further disposing the large-outside-diameter
substances on the exterior of the vacuum enclosures,
respectively, as in this embodiment. In this case, it 1is
possible to omit the small-outside-diameter ferromagnetic
substances 46A and 46B, which would be provided in the
vacuum enclosures 10A and 10B, and to make do only with
the large-outside-diameter ferromagnetic substances 47A

and 47B.

FIG. 4 shows a fourth embodiment of the superconduct-
Ing magnet apparatus according to the present invention.
FIG. 4 1s a partial external view of a ferromagnetic portion
provided 1n a lower part of the apparatus in the fourth
embodiment. In this embodiment, the column-like ferro-
magnetic substances 45 are placed 1n such a way as to be
away from the uniform magnetic field region 21 as shown 1n
FIG. 1(c). Thus, crescent-shaped ferromagnetic substances
48 are placed around the outer peripheries of the disk-like
ferromagnetic substances 43 and the cylindrical ferromag-
netic substances 44 1n such a manner as to magnetically
connect therebetween. Further, the column-like ferromag-
netic substances 45 are disposed on the top surface of the
ferromagnetic substances 48, respectively. Incidentally, the
number of the aforementioned crescent-shaped ferromag-
netic substances 48 1s determined according to that of the
column-like ferromagnetic substances 43.

As above described, the influence of the column-like
ferromagnetic substances 45 on the magnetic-field-strength
distribution in the uniform magnetic field region 21 1is
reduced, by placing the column-like ferromagnetic sub-
stances 45 1n such a way as to be away from the uniform
magnetic field 21. Moreover, the distance between the
column-like ferromagnetic substances 45 1s increased, so
that the feeling of freedom of the subject 1s enhanced.

FIG. 5 shows a fifth embodiment of the superconducting
magnet apparatus according to the present invention. FIG. 5
1s a longitudinal sectional view taken on the center line of
this superconducting magnet apparatus in the fifth embodi-
ment. In this embodiment, the ferromagnetic substances are
caused to also act as a part of the vacuum enclosures 10A
and 10B or of the coolant containers 11A and 115 by
manufacturing a part of the vacuum enclosures or the
coolant containers by the use of a material having ferro-
magnetism. In FIG. §, the disk-like ferromagnetic sub-
stances 43 and the cylindrical ferromagnetic substances 44
constitute a part of the coolant containers 11A and 11B for
cooling the superconducting coils. Further, the cylindrical
ferromagnetic substances 49, 49, which are provided with
the bottoms and are placed on the exterior of the coolant
containers, constitute a part of the vacuum enclosures 10A
and 10B. In FIG. 5, the disk-like ferromagnetic substances
and the cylindrical ferromagnetic substances are divided to
constitute a part of the vacuum enclosures and the coolant
containers. However, the configuration of this embodiment
1s not limited thereto. Namely, the ferromagnetic substances
may constitute a part of only the vacuum enclosures or the
coolant containers without being divided.
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With the herein-above mentioned configuration, the size
of the apparatus can be further reduced, as compared with
the case of making the vacuum enclosures or the coolant
containers by using materials other than ferromagnetic mate-
rials.

FIG. 6 shows a sixth embodiment of the superconducting
magnet apparatus according to the present invention. FIG. 6
1s a longitudinal sectional view taken on the center line of
the superconducting magnet apparatus, which i1s the sixth
embodiment of the present invention. In this embodiment,
bucking coils 50A and 50B are added to the superconducting
colls so as to reduce the weight of the ferromagnetic
substances placed around the superconducting coils. A mag-
netic field, which 1s 1n an opposite direction to the magnetic
field produced by the main coils 40A and 40B, is generated
by adding these bucking coils 50A and S0B. Thus, the
magnetic flux density 1n the ferromagnetic substance placed
in the proximity of the aforesaid bucking coils 50A and 50B
is reduced. FIGS. 7(a) and 7(b) illustrate examples of the
distribution of magnetic flux densities in the ferromagnetic
substances 43 and 44 1n the case where no bucking coils are
provided 1n the apparatus, and in the case where the bucking
colls S0A and 50B are provided therein, respectively. FIGS.
7(a) and 7(b) illustrate the magnetic-flux-density distribu-
tion in an upper portion (a half part of) of the supercon-
ducting magnet apparatus, respectively. As 1s obvious from
FIG. 7(b), the magnetic flux density in the ferromagnetic
substances 43 and 44 placed around the bucking coil SOA 1s
clearly reduced by adding the bucking coil 50A to the
apparatus. However, although the magnetic flux density in
the ferromagnetic substances placed around the main coil
40A 1ncreases slightly, it 1s confirmed that there 1s not a very
noticeable increase. As a result, the thickness of the ferro-
magnetic substances 43 and 44 placed around the bucking
colls S0A and S0B can be reduced to a small value.
Consequently, this embodiment has an advantageous effect
in that the weight of the ferromagnetic substance can be
decreased.

However, if the magnetomotive forces of the aforemen-
tioned bucking coils SOA and 50B are made to be too large,
a magnetic flux saturation occurs in the ferromagnetic
substances, that are close to the main coils 40A and 40B.
Thus, the thickness of these ferromagnetic substances,
which are close to the main coils, should be increased. In
connection with this, the relation between the magnetomo-
tive force of the bucking coils SOA and S0B and the weight
of the ferromagnetic substance was studied. An example of
a result of the study 1s shown 1n a graph of FIG. 8. This graph
shows a result of calculation of change 1n the weight of the
ferromagnetic substance, which 1s needed to perform desired
shielding when increasing the magnetomotive force of the
bucking coils SOA and S0B, by computer simulation. In the
case of this example, the result reveals that the necessary
welght of the ferromagnetic substance becomes minimum
when the magnetomotive force of the bucking coils SOA and
S0B is set at a value within a range of 0.2 to 0.3 (relative
value) or so. This optimum magnetomotive force varies with
the strength of the magnetic ficld generated 1n the uniform
magnetic field region 21 and with the specifications of the
leakage magnetic field. Therefore, the optimization by com-
puter simulation or the like 1s needed.

Further, the division of the bucking coils SO0A and 50B
into a plurality of groups so as to disperse the magnetic flux
density 1s also effective, in order to prevent an occurrence of
magnetic flux saturation in the ferromagnetic substance.
Incidentally, the aforementioned method of decreasing the
welght of the ferromagnetic substance by optimizing the
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magnetomotive force of the bucking coil can be applied to
the magnet of the horizontal magnetic field type described as
the conventional apparatus illustrated in FIG. 11.

FIG. 9 shows a seventh embodiment of the superconduct-
Ing magnet apparatus according to the present invention.
FIG. 9 1s a longitudinal sectional view taken on the center
line of the superconducting magnet apparatus in the sixth
embodiment. This embodiment adopts a structure 1n which
the disk-like ferromagnetic substance 43 to be placed in the
lower portion of the apparatus 1s embedded 1n the floor of the
room, 1n which the apparatus is installed. As shown in FIG.
9, the lower disk-like ferromagnetic substance 43 1s embed-
ded under a floor face 51, so that an 1maging center height
52 from the floor face 51 to the center of the uniform
magnetic field region 21 becomes low. As a consequence,
this saves a subject from the trouble of feeling claustropho-
bic. Moreover, the subject can easily get on and off a table.

Furthermore, 1in order to stand up to the weight of the
apparatus, 1t 1s common to reinforce the installation floor
with 1ron plates when 1nstalling a superconducting magnet
apparatus 1n a hospital or the like. Such reinforcing iron
plates can be also used as the disk-like ferromagnetic
substances 43 located 1n the lower portion of the apparatus.

Referring next to FIG. 10, there 1s shown the configura-
tfion of the entire magnetic resonance 1maging system using
the aforementioned superconducting magnet apparatus. This
magnetic resonance 1maging system 1s used to obtain a
fomogram of a part to be diagnosed of the subject by
utilizing a nuclear magnetic resonance phenomenon caused
in tissues of the subject. As illustrated 1n FIG. 10, this
magnetic resonance 1maging system comprises: a magneto-
static field generating magnet 56 serving as a magnetostatic
field generating means for giving a magnetostatic field to a
subject 85; a magnetic field gradient generating system 57
acting as a gradient magnetic field generating means for
oving a gradient magnetic field to the aforesaid subject 55;
a transmitting system 38 for mrradiating the subject 55 with
high-frequency signals so as to cause nuclear magnetic
resonance 1n atomic nuclel of atoms composing tissues of
the aforementioned subject 55; a receiving system 359 for
detecting high-frequency signals 1ssued due to the afore-
mentioned nuclear magnetic resonance; and a signal pro-
cessing system 60 for performing an image reconstruction
operation by using the high-frequency signals detected by
this receiving system 359 and for displaying an image.
Incidentally, for example, a permanent type magnet, a nor-
mal conducting magnet or a superconducting magnet may be
used as the magnetostatic field generating magnet S56.
Further, the magnetic ficld gradient generating system 57
consists of a gradient magnetic field coil 61 and a gradient
magnetic field power supply 62.

Here, note that the superconducting magnet apparatuses
as 1llustrated in FIGS. 1 to 6 and 9 are used 1n the system of
the present invention as the aforementioned magnetostatic
field generating magnet 56. Consequently, by making good
use of the advantages of the aforementioned superconduct-
ing magnet apparatus according to the present invention, a
system having the magnetostatic generating magnet 56 can
be realized as a magnetic resonance 1maging system, in
which a large opening 1s provided so that a subject does not
feel claustrophobic and that an operator can easily get access
to the subject, and 1n which each of the groups of the
magnetic field generating elements 1s surrounded by the
ferromagnetic substances so that magnetic field leakage into
the outside of the apparatus 1s reduced and that the manu-

facturing cost can be cut down.

Industrial Applicability

As above described, 1n accordance with the present
invention, an opening, which accommodates a subject, of a
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superconducting magnet apparatus are enlarged to thereby
prevent the subject from feeling claustrophobic. Further, an
operator can easily get access to the subject. Moreover, there
can be provided a superconducting magnet apparatus,
wherein magnetic field leakage can be reduced and the
manufacturing cost can be cut down.

Moreover, by using the aforementioned superconducting,
magnet apparatus as the magnetostatic field generating
magnet, a magnetic resonance 1imaging system which makes
use of the advantages of the superconducting magnet appa-
ratus can be realized.

We claim:

1. A superconducting magnet apparatus comprising;:

a magnetic field generating source which 1s made of
substances having superconducting properties and 1s
operative to generate a uniform magnetic field 1n a first
direction, 1n a finite region; and

cooling means for cooling said magnetic field generating,
source to a temperature, at which the substances exhibait
the superconducting properties, and for maintaining,
said magnetic field generating source at the tempera-
ture; wherein said magnetic field generating source
includes two sets of magnetic field generating devices
that are placed 1n such a way as to face each other
across said uniform magnetic field region along the first
direction, each of the two sets of magnetic ficld gen-
erating devices comprising a first magnetic field gen-
erating device for generating a main component of said
uniform magnetic field and a second magnetic field
generating device having an outside diameter smaller
than an outside of diameter of said first magnetic field
generating device for improving magnetic homogene-
ity of said uniform magnetic field;

wheremn said cooling means 1s includes two cooling
vessels, each of said cooling vessels accommodating
one of said two sets of magnetic field generating
devices, and

wherein a plurality of first ferromagnetic substances are
placed 1n such a manner as to face each other across
said uniform magnetic region along the first direction
and being located outside of the placement said two
sets of magnetic field generating devices with respect to
said uniform magnetic field region, and second ferro-
magnetic substances are provided for mechanically and
magnetically connecting said first ferromagnetic sub-
stances.

2. A superconducting magnet apparatus according to
claim 1, wherein each of said first ferromagnetic substances
comprise a third ferromagnetic substance of a cylinder shape
extending 1n the first direction.

3. A superconducting magnet apparatus according to
claim 1, wherein at least a part of said first ferromagnetic
substances 1s placed 1n said cooling means.

4. A superconducting magnet apparatus according to
claim 1, wheremn at least a part of said first ferromagnetic
substances 1s placed on the exterior of said cooling means.

5. A superconducting magnet apparatus according to
claim 4, wherein there 1s provided fourth ferromagnetic
substances that are placed on the exterior of said cooling
means.

6. A superconducting magnet apparatus according to
claim 1, wherein each of said first ferromagnetic substances
also serves as a part of said cooling vessel.

7. A superconducting magnet apparatus according to
claim 1, wherein each of said second ferromagnetic sub-
stances also supports said cooling vessel.
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8. A superconducting magnet apparatus according to
claim 1 or 2, wherein each of said first ferromagnetic
substances 1s formed so that a length 1n the first direction of
a part thereof at the connection part with said second
ferromagnetic substance 1s longer than a length of another
part 1n the first direction.

9. A superconducting magnet apparatus according to
claim 1, wherein said magnetic field generating source 1s
placed so as to correct a magnetic field generated in said
uniform magnetic field region 1n combination with said first
ferromagnetic substances with said second ferromagnetic
substances, so that a desired magnetic field strength and
homogeneity are obtained i1n said uniform magnetic field
region.

10. A superconducting magnet apparatus according to
claim 1 or 2, wherein said two sets of magnetic field
generating devices include at least one third magnetic field
ogenerating device placed outside of the location of said two
sets of first magnetic field generating devices with respect to
said uniform magnetic region.

11. A superconducting magnet apparatus according to
claim 10, wherein said third magnetic field generating
device provides a magnetomotive force so that a weight of
said first ferromagnetic substances becomes almost mini-
mum.

12. A magnetic resonance 1maging system comprising: a
magnetostatic field generating means for giving a magne-
tostatic field to a subject; a gradient magnetic field gener-
ating means for giving a gradient magnetic field to the
subject; a transmitting system for irradiating the subject with
high-frequency signals so as to cause nuclear magnetic
resonance 1n atomic nuclel of atoms composing tissues of
the subject; a receiving system for detecting high-frequency
signals 1ssued due to the nuclear magnetic resonance; and a
signal processing system for performing an image recon-
struction operation by using the high-frequency signals
detected by said receiving system and for displaying an
image:

wherein said magnetostatic field generating means com-
prises a magnetic field generating source which 1s made
of substances having superconducting properties and 1s
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operative to generate a uniform magnetic field 1 a first
direction, 1n a finite region; said magnetic field gener-
ating source including two sets of magnetic field gen-
erating devices placed 1n such a way as to face each
other across said uniform magnetic field region along
the first direction, each of said two sets of magnetic
field generating devices comprising a first magnetic
field generating device for generating a main compo-
nent of said unmiform magnetic field and a second
magnetic fleld generating device having the outside
diameter smaller than an outside of diameter of said
first magnetic field generating device for improving
magnetic homogeneity of said uniform magnetic field;
and

whereimn a plurality of first ferromagnetic substances are
placed 1n such a manner so as to face each other across
said uniform magnetic field region along the {first
direction and being located outside of the placement of
said two sets of magnetic field generating devices with
respect to said uniform magnetic field region, and
seccond ferromagnetic substances are provided for
mechanically and magnetically connecting said {first
ferromagnetic substances.

13. A magnetic resonance 1maging system according to
claim 12, wherein each of said first ferromagnetic substances
comprises a third ferromagnetic substance of a cylinder
shape extending in the first direction.

14. A magnetic resonance 1maging system according to
claim 12, wherein said system further comprises a cooling
means 1ncluding two sets of cooling vessels, each of which
accommodates one of said two sets of magnetic field gen-
erating devices, and for cooling and maintaining said mag-
netic field generating source to a temperature at which said
magnetic field generating source exhibits superconducting
properties, and at least a part of said first ferromagnetic
substances 1s accommodated 1n said cooling means or at
least a part of said cooling means 1s accommodated 1n said
first ferromagnetic substances.
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